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Abstract

Presently, the Power Reactor and Nuclear Fuel Development Corporation(PNC)
is investigating the best way to treat high-level radioactive nuclear wastes from
reactors. As part of their basic research on the transmutation of fission products, PNC
developed a high-power CW electron linac for various applications, in particular for
studying the use of strong gamma-rays for transmuting the medium-lived fission
products (MLFP) of Sr-90 and Cs-137. As the results of studies of transmutation by
photoreaction have shown, high-flux and high-energy gamma-rays (~ 15MeV) are
needed. However, to make an approach feasible it is very important to generate the
gamma-rays at a reasonable cost. To increase the intensity of the gamma-rays, a
high-current electron beam and a high-power laser are needed. This paper reports our
findings which show that to generate gamma-rays by inverse Compton scattering
effectively, the photons accumulated in a optical resonator must intensify the
monochromatic gamma-ray flux by the collisions of inverse Compton scattering with
electrons. The method we discuss employs inverse Compton scattering with an
optical resonator composed of very high-reflectance, low-absorptance mirrors. With
advances in technology, the flux of gamma-rays that can be attained is of the order of
10718, and its efficiency is 0.9% using this method. If future technological progress
results in a mirror with a reflectance of 8N and absorptance of 0.001ppm, then it
might be possible to achieve a flux of the order of 1020, and an efficiency of more
than 30%. In the case of a concentric resonator, the density of the photon beam at the
interaction point can be higher than that in a confocal type, so that a gamma-ray flux
of the same order as the 8N case may be achieved.

*Power Reactor and Nuclear Fuel Development Corporation
4002, Narita-cho, Oarai-machi, Ibaraki-Pref., 311-13, Japan.

**Brookhaven National Laboratory
Upton, New York, 11973, USA.



PNC TY9955 98-001

BR
B1EE e e e e e e e 1
MR HEByRRECHATIRE 00000 ..o 2
2.1 H@ ¢ REOTR T 2
22 AT bhrHREICOWT e, 4
EIE RHKBEBICLIREyROMEB - - ... ICICICERIR 8
3.1 KHIRFICONT T R 8
82 AHIRFBICLIRBEyBOSERE 00000 15
FATKAENE y ROBEEBRICHTIEE - - -+ - - v v v v v e 17
4.1 EFRICOVWT e 19
42 XFROWT L 24
BE e e e e 03
SEXB 0 e e e e e e e e e e e e 24



PNC TY9955 98-001

List of Figures and Tables

Fig.1 Schematic of the photon-electron scattering process in a laboratory
frame work.

Fig.2 Scattered photon maximum energy in using typical conventional lasers.

Fig.3 Dependence of y -ray energy on scattered angle for each angle of
collision.

Fig.4 Dependence of the differential cross section on the scattered angle for
each typical collision angle.

Fig.5 Enlargement of part of Fig.4.

Fig.6 Examples of mirror configu rations for optical resonators with low-loss.
Fig.7 Confinement diagram for optical resonators.

Fig.8 Enhancement ratio in the resonator for each reflectance of mirror.
Fig.9 Diagram of a beam shape iﬁ the resonator.

Fig.10 The beam spot size in the resonator.

Fig.11 Electric fields of TEMO0O mode at z=0 and mirrors.

Fig.12 Electric fields of TEMOO mode for x vs.z (y=0).

Fig.1 3 Electric fields of some low-order optical beam modes.

Fig.14 Proposal for high-intensity monochromatic y -ray system.

Fig.15 FODO—Lattice(QF:focusing quadrupole;QD:defocusing quadrupole)

Fig.16 Lattice of the ADONE strage ring



PNC TYS8955 98-001

Table.1 Main successes of laser-backscatter y -rays.

Table.2 Initial parameters used to calculate the production of y-rays
using an optical resonator. :

Table.3 Estimations of y -rays flux and efficiency
for each type of optical resonator.

Table.4 Relativistic short wavelength free electron lasers (1996)



PNC TY9955 98-001

BER

 BMEERETIE. ETES S OBAEAMED 5 & T 5 ERGS ISR E RER
BEREHSRICTAT 3 NRLERRO—BE LT, MESCEE L ARTERyE
DENTWBM2]3]. HICEDFT, KBEOD ¢y BEM-» 2RBRIGIC & 3EFERS
EHALT. HRAEEFSIREE L COABREFRMIMESOBREFTS & & bic.
yRREEOURILICEAT I RABARET > TE 1,

—A KRBT Ny INT L EIMERBNL) TiE, RSB, IEREERFE
HWAEDE NS TV v MAORRE. MERRCEFF BV YR EREE 45T
Wiho oo BAEEY > 7 OERARMEHEE T 5 5 NSLS(National Synchrotron Light
Source) DB DLEGS(Laser Electron Gamma Source)® 7O 14 FTit. U L s
DEFE—LEL—Y—LOBIAL T P HEAICEL S y BREEMEEF->TWVS, 2O
2(C. BNLTIREGRENICHRERAIC & . HFRICKE I THE ¢ BOREIC OV TOAEEM:
DERET->TE L,

COREEROTIC, BNLEBRSZAEOXRMAEFEBI A, S hicfEuoiks
EDSPROFHELUIEOMEENIBShi, REE% S - TEERRIC L DIRE IR
BEEE T,

AREWMTR, KAEOHS yROBEETELTIL >4 RBERERM L. 20R
BREEED L,



PNC TY9855 98-001

2 E B 1854 ICB 1 2485
2.1 s y fREOR R

RFFELSDERBEA BB ETh3BRSERNMOFR T, Sr-90, Cs-137NDi%E
. ¥BHMRETFEEEgHEVY, RV L ABEZOERESBREORNND2~300%
BEE. ChoOBEOREIC L 3BHEREI TRNT. HOCHZOEEPALDE
HBREICE S, FAHFHEOPT. EFFEPHBFMESR AV APETFIC L3RS E.
Zh 5 OHBEORET RISHERI NS W EWSMERS B0 %o 2T, yBEAVE
ﬁ&ﬁmﬂiéﬂﬂﬁ%iéﬂtokﬁb:@ﬂﬂ@ﬁg%ﬁtbf\iﬁETﬁﬁﬁy
WRERETICENFEREhTWS,

FTEHE yRERESEIFEL LT, BROFEH S (bremstralung). (n, y )RS,
BTBRETOMHERICEIRISEEFELSNTVAHME]. Ehbi-HED v
ERBICHIRNX—NRFLZD BBV, ZORT. EFEL—F—E—LEOHIL
ThOBEIC L BRE y IR EAVIFEF IRV —NS L X EALAE3HEELTE
HEEINATVWE, COFETERELI LI}, EFE—~L, XFE—LEFLLICHRLC R
ESEBIPTHYN. TEDBIXNF-HICESYROEFIMERS L UL — Y — B2
RELD, TDLIBRAOT T, ThFLORBTIZAY-AREEXHAVT. =%
R EBORRIEATWS, fIAE., UL TNEROBFE—LEL—F—REORIS
Tk, EFE-LERYICENTIFEL EFBRINTVB[6), —H., BaAL T o
ELEVRMICEC T ELEBLBEREL 3, bbb T o BEALORCHERIHE
BT BEDIC, ZORCHERIZIERIC/IEV, 22T ABEDyBEES3IC, a7
BUBEALEEITREESD BV OPOREFEIRTVS, FlAE, RFE—LEM
SHPOWMTEHSE, BFE—LEOHERREEZD 3 EFRFShTVB[7)8]9].
NGRS, L —ORTOESPREBLADEBORRICL LD TH 3, BEDHA
T, EORHEH9.9909%LI LD HO LRI AT VS,



PNC TY9955 88-001

BALTPBEICE D yIRBEEREERIC, EFRYBEERECRE(»PORALN
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NE—BTFE—LEDBILT FOMEIC LY, HED y EFrRETEETS 52 & 5
Lo TDHR. RBROERAV L Ehi, TLRIBIETableICTT[12], BRIDOER
196905, X% 74— FIRTIER £ 2 —(SLAC) Ch o1 COBMES Ny BIEE
BRICHERRCAH SN ARDORWBICH oA, 759 7 AR FAEEBVHDTI
BRolco YIRDE—LEMRIZHDERESHFDIE. 1 2 7 DFrascati ETHERF
DADONEETR > 7T, 80MeVD y #RE1005[1/s]72, ST 3 T & ITHTH L 7=[13][14],
BNLTHLEGSD 7OJ 7 b T, 700MeVD y i E10M7RET B EICRIIL £, 45
WL EBT3AE LT, Duke XENIEMY T EAVWAEERT. 8BS TR ¥—150MeV
TIOMDT 5y 7 XEZR L #[15], BERTR, D IFOELHETLOSEY > 7 TH
R DRGNS 5[16], £/, L—H—%& LTHRSEFL—¥—(FEL)CRESh
KERWBCEBRFZOSNTWVAT7, CHLIIC, WAL T rBERICE 3 HE. L=
HEHEyRERESELIEVEFERTH I EHFBHMEIATVS, 227, BEOY =
FPAFAI—ICEBy—y A1 4070V 17 b Th. COBFEFSEHERELT
BatahTWw3[18],

Laboratory SLAC Frascati BNL Duke ETL
Electron[GeV] 26 1.5 3.0 1.1 0.5

Photon [eV] 1.78 241 6.2 12 1.2

f-ray [MeV] 5000 80 700 150 23
y-ray flux [1/5) 500 105 2%107 2*10M1 2¢1047

Table.1 Main successes of laser-backscatter y-rays.
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Fig.1 Schematic of the photon-electron scattering process
in a laboratory frame work.
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Fig.2 Scattered photon maximum energy
in using typical conventional lasers.
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Fig.3 Dependence of y-ray energy on scattered
angle for each angle of collision.
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Fig.9 Diagram of a beam shape in the resonator.
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Fig.10 The beam spot size in the resonator.
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Fig.11 Electric fields of TEMOO mode at z=0 and mirrors.
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Fig.13 Electric fields of some low-order optical beam modes.
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Resonator (Confocal type)

Mirror
radius 0.1m
spacing 2.0m
curvature ' 2.0m
Fresnel number 5000
Pumping laser (CW laser)
wave length 1.0um
laser power 160W
Setting Angle 45°

Electron beam

Average current 1A
Energy 1GeV
Beam size Imm¢
Electron flux:Fe 6.25*%10”18(e-/s)

Table.2 Initial parameters used to calculate the production of Y-rays
using an optical resonator.
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D¥ER £ Table.3ICR L 1=,
Y-ray R=4N 6N 8N Concentric
Emax:15MeV A=20ppm | 0.5ppm | 0.001ppm || 6N, 0.5ppm
Photon power [GWT]{ 1.3*10~-3 0.2 11 0.2
Photon quantity:Np | 4.2%10216 | 6.7%1078 | 3.7*10~20(| 1.3*10~19
Y-ray flux:Fy [1/s] | 1.6*10716 | 2.5*10A8 | 1.4*10°20)] 1.6*10/20
Efficiency:Eff 0.0038% 0.6% 33.7% 38.4%

Table.3 Estimations of y-rays flux and efficiency

for each type of optical resonator.
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ANDZE. 779 7 XBIOMEDT —F—Ch- 1=, RIEICENTIBE. BNT0ETH
o —H. RAUNDFEX > THOMB B O21SIC L T, BREDOICERIC U HIR
FAGHEEMTENE, SNEREDT T v Y XNEShBTEEML 53, NOESR

BEOBELICEA, 5X10M1E. SNOBAIE5XI06HEIch 3,
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4B AMENE y BOREEBRICHTIEE

 HETRAREBEAVTEIL T P oHAD y DT Sy 7 X 5 4ET & SRS
PHBIEERLE, 2T, TOHERRELEP LT, BROXKENE ¢ BSR4
BICHTIREERT, Fig14iCBS L A-EBOBERERT,

REEDHE yIRERESLIICR, £ TEREORTFLEARENTFE — LI HSD
ILENFHB, ThOERHTHIEME LT, Table doRIFHES ymF — 4 —DFELIC
FHIATWIIMER 2T EHEHLOERT23],

Optical Cavity with Super Mirrors

e Compton Scattering
(Conventional Laser or FEL) :

Pumping Laser
Wave Length =1pm . i} -
. Monochromatic-like
Scattered Gamma-ray

Max.Energy =15MeV

Electron Storage Ring
(Low Energy Loss, High Average |Current)

Beam Energy =1GeV

Fig.14 Proposal for high-intensity monochromatic y -ray system
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PR 4 &  E i N Ay K Ace,Type[Ref}’
{semn) : {MeVv) {AY tem)  (RMS)
Existing FELs:
UCSE {mm FEL) 340 25 us 6 2 42 21 0.7 BA, O {1]
Stanford{FIRFEL) RO~200 tSpe 4 8 30 ; 07 RF, O (2]
HimcULEENA) 85 10ps 54 10 50 14 ! RF, O [3]
UCSB(FIR FEL) 60 25 s § 2 1 2 0.1 EA, O [1}
Osaku (ILE/ILT) 47 Ips 9 0 50 0.56 0.8 RE, Q {4}
Tokyo{lFT-FEL) 43 10 ps 13 20 4 4 0.7 RF, Q15
Nizuwegein(FELIX1) 533 Sps 25 50 k] 6.5 12 RF. O {67
OrakafISIR) a0 W ps 1% 50 32 6 i RF, 0[N
Brayeres{(ELEA} 20 0 ps 18 100 30 3 08 RF, O[]
Nicuwegein(FELIX2) 0-110 Sps 45 0 38 63 1.8 RF, O [6]
Sunford(FTREFLY) 1563 1-5ps 18-37 14 2 6 { RF, O [9}
Frascati(LISA) 15 7p8 23 5 50 44 1 RF, O [10]
Grumman{CIRFEL) 12-21 Sps 914 150 7 1.36 0.2 RF, O f11}
Beifioyg (HE® i 45 0 14 50 3 i Ry, U112
‘Orsay({CEIO) 3-53 02-4ps. 2130 $0 33 5 1 ]F, O {13}
LANLIAREL) -4 Wps 13 200 24 1 03 RF, O [W]
" OsakafFELH) . 5.3 10 ps 33.2 42 58 34 i RF, O [15]
Darmstadt{{R-FEL) 5 lps 40 27 80 32 ] RF, O [16)
Stanford(SCAFEL) 3-13 0.7 ps 22-45 10 72 il 08 RF, 0017
Vanderhilt(FELD 22-8.6 2ps 3 50 52 23 t RF, O [13]
DuketMurklIn 3 Ips 44 20 47 23 1 RF, O {19]
Osaka(FELY -6 2ps 170 100 50 5 L3 RF, O {4]
Osaka(FELIY 138 Wps 63 42 8 18 1 RE, © [15]
BNL{ATR 0.5 6ps 50 100 70 0.88 0.4 RF, O [20]
Tsukuba{NIYLIV) 035 160 ps 300 s x4 72 2 SR, O {21]
OrsaptSuper-ACO) 0.35 0 ps 20 oL 2x10 13 4 SR, O 221
Okataki(UVSOR) 0.3 §ps $00 § 2x8 1} 2 SR, O §23]
BNLIATF-UY) 0.25 6ps 70 100 70 0.38 o4 RE, O [20]
Froposed FELy:
FlotidsiCREOL) Wo-608  CW 17 02 185 0.8 0.3 BA, O [28}
Neshirlunds{TEUFEL) 180 20 ps 6 350 56 2.5 1 RF, O [26]
Rutgers(IRFEL) 146 B 1% 14 50 20 1 MA. O [27]
Mosogwitebiedev) 106 0ps 10 025 35 1.2 0.8 MA. O [28]
Tokal(SCARLET) 40 A0 ps 15 10 62 33 i RF, O [4]
LBLIRFEL) 330 30ps 35 60 40 5 i RF, © (29]
CEBAF{IRFEL} 2.5-25 Lsps 200 3 2%12 20 4 RF. O [30]
Boeing(kWFEL) 0.2-4 Tpe 12 500 220 2% 131 RE, © (31)
Stasford(FEL) 10 4ps 24 25 73 2.6 09 RF, O {32}
UCLAGRFEL) 10 2ps 20 200 40 15 ] RF, A (3]
Novosibirsk{RTM) 2-11 20 ps 93 100 An36 9 15 - RF O3]
BNLHGHG 34 10ps 30 1o $3° 18 - 14 RE, A {33)
CEBAF(UVEEL) 5161 0.2ps 200 270 72 33 13 RF, O [30]
RocketdynefFEL} 084 Ips 1] 500 166 24 i4 RF, MOPA [36]
Dortmund(DELTA) 0.4 SBps 500 S0 17 28 2 SR, O {37)
Harma(HIT) 028 00 ps 500 3 170 18 4.2 SR, O [4)
BNLIDUYFEL) 0073 §ps 310 300 682 12 1.5 RF, A [38] .
FraseatfCOSA) 0.08 10 ps 215 200 400 1416 ¢ RF, O [39]
Duke(Ring) 605 Wps 1000 150 2x33 10 L7 3R, O [40]
DESYITTFI) 0042 08 ps 390 500 490 273 05 RF, A [41]
DESY(TTFY 0.006 015 ps 1600 508 981 273 09 RE, A [41]
BLACILCLSD 0.004 Q3 ps 7000 2500 13 83 44 RE, A[42]
SLACILCLSY 0000438 015 ps 15000 5000 1000 4 4.3 RE, A42]
SLAC(LCLS3) 0.00013 0.25 ps 15000 3000 1833 2 27 RF, A [42]
DESY{TESLA) 0.0001 .08 ps 35000 5000 1200 0§ 42 RF, A [4$1]

RF ~ RF Linac Accelurator; MA ~ Microtron Accelerator; SR - Electoon Storuge Ring EA — Electrostatic Accelerator; A — FEL
Amplifier; © - FEL Oscillator; MOPA - Mastsr-Oscillater Power-Amplifier.

Table.4 Relativistic short wavelength free electron lasers (1 996) [23]
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BFE-LRHWTE, WAL T o HE CTEOBE yBOIXNE—RHENEL
TIREHEBISAEMII3), ARSWI3EFE-LIEZEMICENNS ., 2DI 2N
F-RHEHMADIUVEFH5, DD, FFRFE—LDIIvELAFNEL, TR
F-RHPFNESVLDOPFLEENS, Chid, BEROBATFL —¥—(FEL)» 5 DINE
BT IEFERETHD, BEELDLED., XKEFOE—LPZEEAZDESS>%T
BEWV, RAEOHML AP SEIT, 1GVEENIXNX—%bbs, TIvRLIN
BOWLERTAEROEM) /. B)ELBA S5 L EMBE L, EFE—L
P1GeVEEILE 3 EZDIXNF—EAIUIRETH S5 L, MIC1GeVO Y > T IER
EHRIC+STIEET S B, |

ROFERE. BIIv 2o XTRERNEFEHY LI/ T, 2270 FOCHSHAICE
SBRREBHDPEL L, WHRALRELAE-LEEBT S L TH B0, LUTICESI LR
StERND, B, BIIv 22X AEROEFR) L 7 BSHT3BICRERE L - TW
Bl BINROEREEFELAELNTHS, Chid,. TFE—-LENES LY
5. AR E3Z LT, SUAEHEZEXT I ENTREL G- £ IEA Y T < . EES
HORTE—LDREERIRNF—QHEHHNTEIRICIOEERY 55, BHpIC
. BEFE- LR KRR S 3QUE S P — AT 3 ERABRESERLE TS5
A (Lattice) EFFIEN B 2=y bE, WS DOPREBALICHENRT. SFHFEC<EZ LS ICRE
T3, 7405, EFFABLTOERE, SOERE1BE-> CE ABICTICb E 3 &
ILERUESHN T, BERICIE, BESHETSHIE I, 571 ACRELHEMAFODOS
TARAERAWS, Thid, BOSTF 1 RICHAN, BEiTHBIPOAICFIOERSEL T
EUVTEACNTMITE, I3 vALABNELTED, —BHIC. STIILHE—
DEREY > TMEBFPHEAKXY > FICAWS AT VWS, Fig.151cFODOS 5 1+ X DS
HMERT[24]c FODOT 71+ Xt KEFRICE—LERKEILI3QERED
12(Ffocus). E—LEHIFARLF ¢ L /ERBEERE*HICRAEZ ORI LST
E-LIKMFEALEVWIN—INR~-RILES3:0), KEFAE*RBEILIQERE
(D:defocus). FANLF 1 P THA(0). RBICEYDIFERLZICEBLTIZZ Y b
ETB, TIT. QERAREEFAICOVWTIR, KEFAEXEOERETZ, 2O
TR BRTRURABGRE*ESZ 3 TERY, EXELEE - T TEEHE
&@néﬂ%&ﬁﬁéoEﬁ®$?4z%36uvtitwmb71:vth%tﬁﬁ
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SIRLEEHLEZEFES, ChEX—I~5F ¢ REMEXR, BREOBEICE - T, 3
FRIEFHELECTH, 25 CHFMERAL T, E5E L3145 ETIE, BST
BEIENZWV, 0T A-N=5F 1 XEEBTI LI EYTH 3, Fig.16ic
ADONEY > J DR EMERT[24], TZICFRT AL BAR—4BKEBKRL., x. yHAZ
hThOE-LOMEOXRZEERTNSA—2THB, pLitA—2EREEHL, T
FNE—GHERTNIA -4 TH3, CASOBBIEIORTEIED, it —14
ORBEFMEEHICH->TVWS, TZTCIORBLPOSZETRER, sHFUDBET, X—4%.
T—2DEThThOBERBIENMEEMBIEWIZETH B, Thit, ZORTE—LH A
AFRNT. TXNFX~BREBNEVIZETHSD, CO/KRIC, P> T F L BEAOE
HARERBY, L—H¥—&REThIE, BENLCHIL yBIRESNBETTHS, SRS,
ADONETR IOREM-oTyIRERELTW3, H4DBEDH. N—&. 1 —2DHH
BFRMIEB LI, ST+ AR EFTOIRETH S,

RGN TORESICDWTHART S, BRAX MO EE#EALB L, OXNT b
TCIT A ABRIPDPEVHDILEIAB S, UTFTOBHTZhICHBRYH S, B1l-. &
FHEARENELTIE. RABHBICAZ L LOFVECL S, $210, HRHF ML
EREHIC, >27O0bOCHHRICE3BRIAELES, (15)ICEANEREEERN
TIRBLNDL 70 bOCHSHICE BBEDINT—Py #RTORKERT[24]

_, E2[GeV*]
= 2
Py[MW] =8.86 x 10 oTm] 1A (15)

LT EREFOIRAFY— p3HRER, HERBETHB, 2DLSIC, BEITH
EFRIREBT 3, 3L, 571 ANWERST L1 ES ) OFRAEREOERA
EFRKEL B 2T B30T, EWMI L IMEBOII v 2L IFBELLE S, FODODI
v &R efrad - mERTEFRR £R(16)ISRT[24)0

Eropo =97.53 x 10713 li—bEz[Gevz]@)S [deg®] (16)
O

CET. bR RATHRANKIR. Ibid. FODOSF 1+ XDES. ORRHNAKTS
%o LIEOHRMAT. FASh3AE 3, BALKESEIVLETHS,
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Fig.15 FODO Latt:ce(QF focusnng quadrupole QD: defocusnng quadrupole)

: F|g 16 Lattlce of the ADONE strage nng
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5. FELEBSREENEROAHIC, ZORRN LW, RICRREICEhh 3 BOMAH
HEFTy TThil, ThETEALEL -V —paEEEE L3, PhosZRLT. 1um
BEOXBEDOFELIFETH 5, FELRIENEHTEENE L TH. 1 pmIZEDERI3E
HEEZSN S, RHAOFELEE L 58I, BHNESMELTV3, ZOEHK,
U TINERIEE > TWBEFOEFRICH L. BUHES W BFELO/NT —DREN RE S
EFHB, EMRICEAE. EFPOBVIRXNY—2FELRFICL - TES £, &FF
ARBEEEN BT B LN TELEVWIEICHRT S, £-oT. EFE—HRICH KT
BIIMERE ORFIE VN, LPLEN D, TXNX-NSLREELZE. SHED
MEEZFLETH ., BATINE-TRPVPFHF R, POIXAF—ERED IR D
BTH5 50 1 pumORIRICIZ50MeVIREDIRHINER THEH CH 5, 50MVOEFTH
hE, ZOIRLF—AIIEHBHNBRETH 3,
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